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ABSTRACT
Identifying the source of the material within coronal mass ejections (CMEs) and understanding CME onset mech-
anisms are fundamental issues in solar and space physics. Parameters relating to plasma composition, such as charge
states and He abundance (AHe), may be different for plasmas originating from differing processes or regions on the
Sun. Thus, it is crucial to examine the relationship between in-situ measurements of CME composition and activity on
the Sun. We study the CME that erupted on 2014 September 10, in association with an X1.6 flare, by analyzing AIA
imaging and IRIS spectroscopic observations and its in-situ signatures detected by Wind and ACE. We find that during
the slow expansion and intensity increase of the sigmoid, plasma temperatures of 9 MK, and higher, first appear at
the footpoints of the sigmoid, associated with chromospheric brightening. Then the high-temperature region extends
along the sigmoid. IRIS observations confirm that this extension is caused by transportation of hot plasma upflow.
Our results show that chromospheric material can be heated to 9 MK, and above, by chromospheric evaporation at the
sigmoid footpoints before flare onset. The heated chromospheric material can transport into the sigmoidal structure
and supply mass to the CME. The aforementioned CME mass supply scenario provides a reasonable explanation for
the detection of high charge states and elevated AHe in the associated ICME. The observations also demonstrate that
the quasi-steady evolution in the precursor phase is dominated by magnetic reconnection between the rising flux rope
and the overlying magnetic field structure.
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1. INTRODUCTION
The Earth is in coronal mass ejection (CME) outflow
for ∼10% of the time at solar minimum up to 35% at so-
lar maximum (Cliver et al. 2003). Therefore, the CME
generation mechanism and the source of CME material
are important issues in helio-physics.
Studies of the relationship between in-situ parameters,
such as charge states, helium (He) abundance (AHe),
first ionization potential (FIP) bias and activity in the
source region can promote understanding of mass sup-
ply to CMEs and the connection between CMEs and
flares. These composition parameters carry information
from the near-Sun region where CMEs are forming, the
solar wind is accelerating, and the corona is heated (e.g.
Manchester et al. 2017). Beyond several solar radii, the
ion charge state, such as the number density ratio of O7+
to O6+ (O7+/O6+), is “frozen in”. Therefore, the charge
states further from the Sun represents the temperature
of the coronal source region (Lepri et al. 2001). The av-
erage iron (Fe) charge state (QFe) is 9
+ to 11+ in the
solar wind (Lepri et al. 2001). In contrast, more than
90% of long-duration higher QFe episodes (greater than
12 for more than 6 hours) occur inside Interplanetary
CMEs (ICMEs) and around half of ICMEs are accompa-
nied by high QFe (Lepri et al. 2001; Lepri & Zurbuchen
2004). Low FIP elements, such as Mg, Si, and Fe, are
usually more abundant in the solar wind and corona
than in the photosphere (the FIP bias effect, Feldman
1992). Conversely, the high FIP element helium is usu-
ally less abundant in the corona and solar wind than
in the photosphere. A possible explanation for the en-
richment of low FIP elements (i.e. FIP bias effect) and
depletion of helium in the corona/solar wind is that the
mechanism that transports the element to the upper at-
mosphere is only valid to ions (Laming 2015).
Statistically, the charge states, AHe and FIP bias in-
side ICMEs are higher than in the background solar
wind (Richardson & Cane 2004; Manchester et al. 2017;
Owens 2018). However, the variation in these parame-
ters over a single ICME, and between different ICMEs,
can be so significant that they cannot be used for defini-
tive ICME identification (Richardson & Cane 2004). In
some ICMEs, the source temperatures that are deduced
from the charge states can exceed 10 MK, which can only
be achieved by heating by flares (Gopalswamy 2006).
Statistical results show that QFe and O
7+/O6+ in an
ICME correlate positively, but only weakly, with flare
class (Reinard 2008; Gopalswamy et al. 2013). This sug-
gests that plasma that has been heated by flares is not
always a source of CME material. Borrini et al. (1982)
found that ICMEs associated with strong flares, on av-
erage, have higher AHe, although Reinard (2008) found
no clear correlation between AHe in an ICME and flare
intensity. The reason for elevated AHe in ICMEs is not
clear (Manchester et al. 2017).
If flare-heated plasma is injected into CMEs, then the
accompanying ICMEs should have higher charge states.
Plasma can be heated to temperature of 10 MK and
higher by two processes during flares: (1) magnetic re-
connection in the corona (Lin et al. 2005; Su et al. 2013)
and (2) chromospheric evaporation (Young et al. 2013;
Tian et al. 2013, 2015). In the latter, electrons are ener-
gized by magnetic reconnection in the corona, and then
propagate downwards where they heat the chromosphere
via Coulomb collisions.
Generally, it is believed that the hot plasma inside
ICMEs can be heated directly by magnetic reconnection
between the flux rope and flare loops during the flar-
ing process (Priest & Forbes 2002; SONG et al. 2015;
Song et al. 2016). It is not known if the heated chro-
mosphere can supply mass to CMEs. AHe may not be
the same for the two different hot plasma sources. AHe
in a CME should be lower than in the photosphere if
the plasma is heated by magnetic reconnection directly
in the corona, as AHe is lower in the corona compared
with that in the photosphere (Laming 2015, and refer-
ences therein). In contrast, AHe in plasma heated by
chromospheric evaporation may be the same as in the
photosphere (i.e. higher than in corona) if the helium is
still neutral prior to being heated.
Using the 2014 September 10 CME as a case study,
we address the question of why AHe can be nearly as
high as in the photosphere in some ICMEs, and where
that material originates. In the present study, we ana-
lyze (1) the morphology evolution of a hot channel, (2)
chromospheric brightening and plasma heating at the
sigmoidal footpoints, (3) transportation of hot plasma
along the sigmoid, and (4) the connection between the
aforementioned phenomena during the precursor phase
of the flare (corresponding to the CME initiation phase).
The in-situ parameters relating to composition are also
analyzed.
2. INSTRUMENTS AND DATA ANALYSIS
An X1.6 flare took place in NOAA AR (Active Re-
gion) 12158, with the peak of the Geostationary Op-
erational Environmental Satellite (GOES) Soft X-Ray
(SXR) intensity occurring at about 17:45 UT on 2014
September 10. The remote-sensing data used to study
the solar atmosphere during this event are mainly from
the Atmospheric Imaging Assembly (AIA; Lemen et al.
2012) and the Helioseismic and Magnetic Imager (HMI;
Schou et al. 2012) onboard the Solar Dynamics Obser-
vatory (SDO; Pesnell et al. 2012), and the Interface
3Region Imaging Spectrograph (IRIS; De Pontieu et al.
2014). AIA images the solar atmosphere in 7 EUV pass-
bands and 3 UV passbands ranging in temperature from
6 × 104K to 2 × 107K. The spatial resolution of AIA
is 1.2 arcsec and the temporal resolution is 12s and 24s
for EUV and UV passbands, respectively. HMI provides
measurements of the vector magnetic field in the pho-
tosphere. IRIS can obtain spectral data and slit-jaw
images simultaneously. For the former, the spatial reso-
lution is 0.166 arcsec per pixel, and the cadence is 9.5s.
IRIS observations were taken between 11:28 and 17:59
UT on 2014 September 10 in a sit-and-stare mode. The
IRIS slit crossed the main part of a hot channel near
its east footpoint. The formation temperature of the Fe
XXI 1354.08 A˚ line is about 11 MK (Landi et al. 2013).
This is the only IRIS line that is formed at a temperature
higher than 2 MK (Tian et al. 2015). Here, we use this
line to examine the transport of hot plasma associated
with the hot channel.
To analyze the heating and plasma transportation
in more detail, we calculate the Differential Emission
Measure (DEM) using improved tools developed by
Cheung et al. (2015) and Su et al. (2018). We recon-
struct the 3D magnetic field structures of the active
region using the HMI vector magnetograms using the
method of Zhu et al. (2013, 2016).
The speed of the associated CME was very high; the
linear speed is ∼1267 km s−1 near the Sun (based on the
CDAW catalog 1). This event is also identified in the
HELCATS 2 catalogue of CMEs observed in Solar TEr-
restrial RElations Observatory (STEREO) Heliographic
Imagers data. The radial speed of the CME derived
from geometrical fitting to its time-elongation profile
(Davies et al. 2013) is ∼1000 km s−1. The CDAW and
HELCATS catalogues suggest a transit time to Earth of
2 days. Consistent with this prediction, a CME is de-
tected by the Wind 3 (Acun˜a et al. 1995) and Advanced
Composition Explorer (ACE 4, Stone et al. 1998) space-
craft near the Earth during the latter half of September
12. This is the only CME detected near the Earth within
several days of this predicted arrival time.
The velocities and number densities of the proton
and helium ions of the CME were measured by the So-
lar Wind Experiment (SWE) Faraday cup instruments
(Ogilvie et al. 1995) onboard Wind. AHe, expressed as
a percentage, is derived from the ratio of the number
density of helium ions to protons. The ICME magnetic
1 https://cdaw.gsfc.nasa.gov/CME list/
2 https://www.helcats-fp7.eu/index.html
3 https://cdaweb.gsfc.nasa.gov/index.html
4 http://www.srl.caltech.edu/ACE
field was recorded by the Wind Magnetic Field Investi-
gation (MFI, Lepping et al. 1995). The average charge
state of QFe and the O
7+/O6+ ratio were based on mea-
surements from the Solar Wind Ion Composition Spec-
trometer (SWICS, Gloeckler et al. 1998) onboard ACE.
3. OBSERVATIONAL RESULTS
3.1. The morphology evolution and brightness
variation before the flare onset
Figure 1 shows the morphology evolution and the foot-
point brightenings of the hot channel. The images dis-
play a well-developed active region (AR 12158) with
a large sigmoidal-shaped channel identified in the hot
EUV-emitting plasma. The sigmoidal structure on AIA
131 A˚ images existed for ∼1 hour before CME eruption,
and is already well-formed by ∼17:00 UT (Figure 1(b)).
The hot channel (sigmoid) is believed to represent a
magnetic flux rope (MFR, Zhang et al. 2012; Liu et al.
2018), which should be mature by this time. From 17:00
UT, the sigmoid structure in AIA 131 A˚ images (forma-
tion temperature ∼10 MK) becomes increasingly bright,
and enlarges.
During the slow expansion and intensity increase of
the sigmoid before the flare onset (17:22 UT), chromo-
spheric brightening occurs at the footpoints of the sig-
moid (brightenings inside blue and brown big rectangles
in Figure 1 (c)); the intensity of those footpoint regions
also increase in 131 A˚. The chromosphere intensity vari-
ations of the footpoint regions are shown in Figure 1(d)
for clarity but will be discussed in Section 3.3. These
observations demonstrate that the brightening and ex-
pansion of the sigmoid may be closely related to the
brightening of its chromospheric footpoints.
3.2. The temperature evolution at the footpoints and in
the main body of the hot channel
The DEM in the center part (purple rectangle in Fig-
ure 1(a)) of the hot channel is shown in Figure 2 (a).
The peak of the distribution is located at ∼ 8 MK,
which demonstrates the high temperature of the hot
channel. During the evolution, the peak of the distri-
bution increased significantly, indicating an increase in
the amount of hot plasma inside the hot channel.
Emission Measure (EM) images with temperature be-
tween 9 and 20 MK are shown in Figure 2(b) and (c).
High temperature plasma first appears at the left (east-
ern) sigmoid footpoint (red rectangle) at 16:58:08 UT,
and then extends along the length of the sigmoid. We
choose six rectangles along the sigmoidal structure from
its left footpoint to the far right (see Figure 2(b) and
(c)). The temporal variations of the average EM (9–20
MK) in these six boxes are shown in Figure 2((d1)–(d3)),
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Figure 1. Morphology evolution and the footpoint brightenings of the hot channel. The evolution of the sigmoidal structure
in the higher temperature AIA images (131 A˚) is shown in panels (a) and (b), and the chromospheric brightening (AIA 1600
A˚) is shown in (c). The chromosphere intensity variations of the footpoint regions are shown in (d). The white vertical lines in
(a) and (b) represent the location of the IRIS slit, and the green and red plus signs that lie on that line denote the north and
south loops that are intense in the IRIS Fe XXI spectrum. The purple rectangle represents the center part of the hot channel,
and the other large and small rectangles denote the footpoints of the sigmoidal structure.
in the same colors as the boxes. The average EM for
all six sub-regions is significantly lower than 27 before
16:58 UT showing that the plasma temperature is lower
than 9 MK. The variation of the EM (9–20 MK), aver-
aged in the footpoint region (green line in Figure 2(d1))
mirrors the intensity increase and decrease in the chro-
mospheric images (red line in Figure 2(d1)). The chro-
mospheric brightening in the footpoint region and the
EM (9–20 MK) both start to increase at 16:58 UT be-
fore reducing at about 17:14 UT. The synchronization
of these two phenomena in this footpoint region means
that the plasma was heated to values above 9 MK with
the brightening in the chromosphere.
Plasma hotter than 9 MK first appears in the left-
most rectangle (Figure 2(d1)) at 16:58 UT and in the
right-most rectangle, 50 arcsecs away by 17:08 UT (d3).
Therefore, the hot plasma extends along the sigmoidal
structure at a speed of ∼60 km s−1. But does this speed
represent the actual flow of the hot material or not?
3.3. The blueshift of Fe XXI 1354 A˚ observed by IRIS
The IRIS slit (white vertical line in Figure 1 and Fig-
ure 2), was over the main part of the sigmoid near its
eastern footpoint. IRIS Fe XXI 1354.08 A˚ spectra taken
at different times are shown in Figure 3(a1)–(a3); Fig-
ure 3(b1)–(b3) present spectra from Si IV 1402.82 A˚.
The C I 1354.288 A˚ lies close to the Fe XXI 1354.08
A˚ in the spectrum, but is much narrower as it emit-
ted from neutral atoms and its Doppler shift is nearly
zero (Tian et al. 2015). Therefore, we use this line to
calibrate the Fe XXI 1354.08 A˚.
The Fe XXI 1354.08 A˚ spectrum is intense near solar
y=135 and 125 arcsecs. These positions are delimited by
5Figure 2. The DEM of the hot channel. The DEM for the center part of the hot channel is shown in (a). The evolution of the
EM in the temperature rang from 9–20 MK is shown in (b) and (c). The six coloured rectangles span the sigmoidal structure
from the left footpoint to the far right, and the white vertical lines show the location of the IRIS slit. The variation of the
average EM (9–20 MK) for the six boxes is shown in the bottom panels, in corresponding colours. The chromospheric intensity
variations for the footpoint is shown in (d1) with red.
pairs of horizontal yellow and golden lines in Figure 3,
respectively, and marked by the two plus signs in Fig-
ure 1(a). The Fe XXI line intensity starts to increase at
17:01 UT at 135 arcsecs; later, from about 17:11 UT, the
intensity in the south part of the slit starts to increase.
In both locations, the Fe XXI line is blueshifted, and the
Doppler speed of the north (south) loop is about 10–20
(100) km s−1. This demonstrates that higher temper-
ature plasma propagates from lower to higher altitudes
in the north and south loops systems.
We believe that the hot plasma flows in both north
and south loops come from the footpoint regions repre-
sented by red and black boxes in Figure 1(a). First, the
high temperature plasma first appears at the sigmoid
footpoint and then extends along the sigmoidal struc-
ture (Figure 2(b) and (c)). Second, the time ranges
over which the Fe XXI 1354.08 A˚ line is blueshifted
in the north (16:58–17:13 UT) and south (17:12–17:18
UT) loop systems coincide with the brightening due to
plasma heating in the red and black boxes (Figure 1(d)),
respectively.
Furthermore, we examine the chromospheric lines at
the location where the Fe XXI 1354.08 A˚ line is in-
tense and blueshifted. The results confirm those of
Cheng & Ding (2016), in that the chromospheric lines
do not brighten, broaden, or shift between 17:01 UT
and 17:14 UT (see Figure 3 (b1) and (b2)), meaning
that the hot plasma up-flow is not generated in the low
atmosphere where the IRIS slit is located.
Therefore, the spectroscopic observations confirm that
the higher temperature plasma generated at sigmoid
footpoints can propagate along with the sigmoid struc-
ture (with ∼100 km s−1 speed) and, moreover, supply
mass to the CME due to the fact that the sigmoid (hot
channel) represents the helical MFR (Zhang et al. 2012;
Liu et al. 2018).
We believe that the plasma at the sigmoid footpoints
is heated by chromospheric evaporation, not by mag-
netic reconnection at the footpoint directly, for the fol-
lowing reasons:
First, the average intensities of the right and left
footpoint regions (blue and brown dotted rectangles in
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Figure 3. The IRIS spectroscopy observations. Fe XXI 1354.08 A˚ and Si IV 1402.82 A˚ spectra are shown in the top and
bottom rows, respectively. The green dotted lines represent the location where the Doppler shift of the Fe XXI 1354.08 A˚ line
is zero. The intensity of the regions between the pairs of yellow and golden horizontal lines in the Fe XXI 1354.08 A˚ spectrum
is higher than elsewhere, and the line centers were deduced from measurements in those regions. The yellow and golden solid
vertical lines in the top panels denote the deduced line centers for Fe XXI 1354.08 A˚ for northern and southern loop systems,
respectively.
Figure 1(a) and dotted lines in Figure 1(d)) are both
increasing gradually during the slow expansion of the
sigmoid. The brightening in different sub-regions of
the same footpoint (green and red small rectangles in
Figure 1(a) and lines in Figure 1(d)) even occur near-
simultaneously. This is hard to explain by magnetic re-
connection. Second, direct evidence for chromospheric
evaporation is provided by spectroscopic observations
taken after 17:14:30 UT. When the area of chromo-
spheric brightening extends to the IRIS slit, the inten-
sities of the Fe XXI 1354.08 A˚ and Si IV 1402.82 A˚
lines are increased in the southern loop system. The
former is strongly blueshifted, and the later,brightened,
broadened, and redshifted (Figure 3(a3) and (b3)). The
scenario is the same as for the standard chromospheric
evaporation process, except that the rate of evaporation
is weaker than for the impulsive phase of the flare.
3.4. The overall magnetic field structure of the active
region
To explore where and how the higher energy non-
thermal electrons are generated, we show the magnetic
field structures of the active region in Figure 4(a). The
sigmoid is clearly covered by overlying magnetic field
structures. The scenario of the whole process is illus-
trated in Figure 4(c). High-energy, non-thermal elec-
trons, produced by magnetic reconnection between the
rising flux rope and the overlying magnetic field struc-
ture (step 1 in Figure 4(c)), are transported downwards
to the sigmoid footpoints (step 2). These non-thermal
electrons then cause heating of the chromospheric ma-
terial (step 3). The heated chromospheric material is
then transported upwards into the sigmoidal structure
along the magnetic field lines (step 4). The observed
phenomena, such as the time correspondence of foot-
point brightening, heating in the footpoint regions, and
high temperature plasma up-flow, along with the pres-
ence of the sigmoidal structure, are all consistent with
the picture.
7Figure 4. The overall magnetic field structure of the active region is shown in (a). Base-difference 131 A˚ image is shown in (b).
Rectangles enclose the footpoint region of the overlying magnetic field structure. The scenario for magnetic reconnection between
the rising flux rope and the overlying magnetic field structure, downward non-thermal electrons, chromospheric evaporation at
the footpoint, and up-flowing heated plasma are shown in (c).
In this scenario, the intensity of the footpoints of the
overlying magnetic field structure should also increase
(Yang et al. 2019). A base-difference 131 A˚ image is
presented in Figure 4(b). Note that the intensity of
the overlying magnetic field structure footpoint region
(green rectangles) was also enhanced. This supports the
scenario illustrated in Figure 4(c).
3.5. The in situ properties of the ICME
Figure 5 shows the in situ parameters of the associ-
ated ICME fromWind and ACE. There is a high density
sheath in front of the magnetic cloud (MC), because the
ICME speed (600 km s−1) was much higher than the
background solar wind (400 km s−1). Note that the
charge states and AHe in the sheath are not elevated;
they are almost the same as in the upstream solar wind,
indicating that the sheath is composed of swept-up ma-
terial. The average QFe (O
7+/O6+) reaches 15 (1.5)
inside the MC, but is only ∼10 (0.2) in the surround-
ing background solar wind, indicating that the source
temperature of the ICME is much higher than that of
the background solar wind. Interestingly, AHe inside
the MC is ∼10 to 15%, which is even higher than the
average AHe in the photosphere.
4. DISCUSSION
4.1. Why is the helium abundance so high in ICMEs?
It is not known why AHe is so high in some ICMEs
(Neugebauer & Goldstein 1997; Manchester et al. 2017).
Neugebauer & Goldstein (1997) speculated that a
”sludge removal phenomenon” transports lower atmo-
sphere material with higher AHe into the heliosphere
together with the CMEs. Here, we find that chromo-
sphere material heated by chromospheric evaporation
at the footpoints can be transported into the sigmoidal
structure before flare onset. It is believed that the sig-
moid represents the helical MFR (Zhang et al. 2012;
Liu et al. 2018) and corresponds to the MC inside
ICME. Therefore, in our case, the hot plasma inside
the ICME comes from the chromosphere before flare
onset. The time scale for the FIP bias effect is several
days (Baker et al. 2013), whereas chromospheric evap-
oration is much faster. If He (ionization temperature
∼50,000K) is still neutral in the chromosphere prior to
being heated, the AHe of the heated plasma should also
be high, equal even, to its value in the photosphere.
The aforementioned scenario for the mass supply of the
CME can explain the high AHe and charge states inside
ICMEs.
4.2. The connection between the evolution pre- and
post-flare onset
Zhang et al. (2001) speculated that the development
of the physical process that occurs before the flare on-
set is what results in the eruption of CMEs and flares.
Here, we present a more detailed picture of the connec-
tion between flares and CMEs in the precursor phase (as
shown in Figure 4(c)). Magnetic reconnection between
the flux rope and the overlying loops is triggered by
the rising of the flux rope. Non-thermal electrons pro-
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Figure 5. The in-situ parameters of the ICME and the background solar wind. The speed and density are shown in (a),
magnetic field in (b), average charge state of Fe and density ratio of O7+ and O6+ in (c), and helium abundance in (d). The two
black vertical lines represent the start and end of the ICME passage and the MC is represented by the grey region bounded by
green vertical lines. The charge state of QFe and the O
7+/O6+ are much higher inside the MC than elsewhere in the ICME/in
the solar wind, and the AHe is also as high as it is in the photosphere.
duced by the magnetic reconnection cause heating of the
chromospheric material, which is then transported up-
wards into the sigmoidal structure. The sigmoid bright-
ens and further expands. This expansion increases the
rate of magnetic reconnection. Chromospheric evapo-
ration that occurs at the footpoint and the magnetic
field reconnection that occurs at higher altitudes exac-
erbate each other. This system evolves much faster after
the onset of the flare, and the standard CME and flare
model should be valid during the impulsive phase. Our
findings demonstrate that evolution before flare onset is
crucial for the eruption of the flare and CME. Flares and
CMEs have a close relationship, and they are different
manifestations of the same active magnetic field system
(Harrison 1995, 2003).
5. CONCLUSION
We have examined the relationship between the in-
situ parameters of the ICME and activity on the Sun.
In the source region, we focus on the connection between
sigmoid evolution and chromospheric brightening at the
sigmoid footpoints before flare onset. We find that:
1. During the slow expansion and intensity increase
of the sigmoid, the high temperature plasma first
appears at the footpoints of the sigmoid, associ-
ated with chromospheric brightening. Then the
high-temperature region extends along the sig-
moid.
2. The spectroscopic observations demonstrate that
the extension of the higher temperature structure
is caused by the upflowing hot plasma and the ma-
terial at the sigmoid footpoints are heated by chro-
mospheric evaporation.
9Our results demonstrate that chromosphere material
can be heated to higher than 9 MK by chromospheric
evaporation at the sigmoid footpoints before flare on-
set. The heated chromospheric material can be trans-
ported into the sigmoidal structure and supply mass to
the CME. This mass supply scenario provides a reason-
able explanation for the high charge states and elevated
AHe of the associated ICME.
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